1. Introduction {#sec1}
===============

South Africa has many recorded cases of pollution of water resources. Some health problems in man and animals can be attributed to the influence of environmental factors on water resources. Landfill waste often get decomposed or biodegraded over time and in the presence of infiltrating water, organic effluents known as leachate are formed. Leachate is toxic to the environment, human and animals. Leachate pollution affects three principal components of the environment namely, the atmosphere; through the release of greenhouse gases, the hydrosphere; through surface and groundwater contamination, and the lithosphere; through soil contamination. Unlike surface water, groundwater has limited ability to purify itself. The subsurface nature of groundwater makes it prone to a lot of misunderstanding and lack of effective management. However, the policies for management of surface water quality are well established, policy statements and strategies to manage the quality of groundwater resources is poorly developed in South Africa. There is a general lack of knowledge about groundwater, both about where it occurs and how to manage it so that its quality does not depreciate to unacceptable levels.

Groundwater pollution occurs as a result of a wide range of human activities such as acid mine drainage (AMD), agriculture, sanitation, industry, waste disposal and landfills. Landfill constituents are predominantly household waste. Other wastes come from shops, offices, chemical and manufacturing industries. These wastes largely contain toxic substances and as they are decomposed or biodegraded, with the presence of infiltrating water, organic liquid effluents known as leachate are produced. Leachate varies widely in composition, depending on many interacting factors such as composition and depth of waste, availability of moisture and oxygen, landfill design, operation and age ([@bib12]). Pollution by landfill sources can introduce pollutants such as nitrates, minerals, organic compounds, inorganic minerals, heavy metals, bacteria and viruses into groundwater, rendering them unsafe for human consumption ([@bib16]). The presence of bacteria and viruses can result in an outbreak of diseases such as diarrhoea, dysentery, cholera, typhoid, etc., which can lead to the loss of lives.

In most parts of Africa, especially in South Africa, about 70% of landfills are unlined, hence they do not have groundwater protection, leachate recovery and/or treatment systems. In addition, there is general lack of inspection of the level of landfill leachate. The aim of this study is to determine the susceptibility to contamination of groundwater resource at the Roundhill landfill site using an integrated geological and geophysical approach and making recommendations on how to protect the aquifers from contamination. This will be achieved by ascertaining possible linkages of the groundwater chemistry with exotic substances from the landfill sites through qualitative and quantitative assessment of groundwater contamination.

1.1. Study area {#sec1.1}
---------------

The Eastern Cape Province is located on the south-eastern seaboard of South Africa ([Figure 1](#fig1){ref-type="fig"}). It covers an area of approximately 170 000 km^2^, representing about 14% of South Africa\'s landmass ([@bib15]). Despite the existence of a range of alternative disposal technologies, waste management services in the province rely mainly on landfills and dump sites for the disposal of waste, which account for the majority of licensed waste facilities ([@bib13]). The Roundhill landfill site is located at a distance of about 4 km to the east of the Berlin and 30 km to the west of East London in the Buffalo City Metropolitan Municipality ([Figure 2](#fig2){ref-type="fig"}). The site is classified as a G; L; B+ (General; Large landfill; Leachate producing) based on the landfill classification system and it became operational in February 2006. The site serves as the regional landfill for the Amathole district and its environs, accepting about 600 tonnes of general waste per day. Based on the findings of the investigation carried out by [@bib8], it was revealed that there are 101 operational waste disposal sites in the Eastern Cape Province, 74 sites reported from questionnaires, 7 sites from permitting records and 20 sites estimated by projection. It is estimated that only 8% of landfills in the Eastern Cape Province complied with DWAF minimum requirements, 54% could potentially comply and 38% are currently unacceptable ([@bib9]).Figure 1a. Map of the Eastern Cape Province showing the study area, b. Map of the study area showing the location of the Roundhill landfill.Figure 1Figure 2Locality map of the Roundhill landfill site.Figure 2

The Berlin landfill, also known as the Roundhill landfill is strategically located on a watershed which occurred between the Nahoon and the Buffalo rivers. It is surrounded by small water bodies in form of artificial and natural dams. The drainage pattern in the area is northwards, towards the Nahoon River. The landfill site has well-constructed waste cells which are typically flat thus accounting for the gentle topography within the landfill area. The location of active cropland in the vicinity of the landfill site suggest a good groundwater potential in the area. Three groundwater monitoring boreholes (BH1--BH3) and a leachate pond were identified on the site ([Figure 2](#fig2){ref-type="fig"}). Two of the three boreholes had groundwater and the third borehole had no water. This is probably due to the shallow depth of the borehole and the dominance of dolerite exposures in the vicinity of the borehole (BH3).

2. Geology and hydrogeology {#sec2}
===========================

The Eastern Cape Province is geologically located within the Karoo Supergroup, which is believed to have developed from the Gondwana Supercontinent ([@bib7]). The Karoo Supergroup in the Eastern Cape Province of South Africa started with the deposition of the glacio-marine sediments of the Dwyka Group with stratigraphic thickness of about 600 m--700 m ([@bib10]; [@bib3]; [@bib4], [@bib5]). This formation is overlain by the Ecca Group (Prince Albert, Whitehill, Collingham, Ripon, Fort Brown and the Waterford formations), followed by the Beaufort Group (Koonap, Middleton, Balfour, Katberg and Burgersdorp formations) and Stormberg Group (Molteno, Elliot and Clarens formations) ([@bib4]). The whole sequence of deposition is covered by the basalt and pyroclastic deposits of the Drakensberg Group ([Table 1](#tbl1){ref-type="table"}). The study area falls in the Beaufort Group, consisting of fine-grained sandstones and mudstones that show fining-upward sequence ([@bib18]).Table 1Lithostratigraphy of the Karoo Supergroup in the Eastern Cape Province compiled by the Council for Geoscience, South Africa.Table 1SUPERGROUPGROUPSUBGROUPFORMATIONMEMBERLITHOLOGYKAROOSTORMBERGDrakensbergBasalt, Pyroclastic DepositsClarensSandstoneElliotMudstone, SandstoneMoltenoSandstone, Khaki Shale\
Coal MeasuresBEAUFORTTARKASTADBurgersdorpMudstone, Sandstone, ShaleKatbergSandstone, Mudstone, ShaleADELAIDEBalfourPalingkloofMudstone, Sandstone, ShaleElandsbergSandstone, SiltstoneBarberskransSandstone, Khaki ShaleDaggaboersnekShale, Sandstone, SiltstoneOudebergSandstone, Khaki ShaleMiddletonShale, Sandstone, MudstoneKoonapSandstone, MudstoneECCAWaterfordSandstone, ShaleFort BrownShale, SandstoneRiponSandstone, ShaleCollinghamShale, Yellow ClaystoneWhitehillBlack Shale, ChertPrince AlbertKhaki ShaleDwykaDiamictite, Tillite, Shale

The Berlin -- East London area, which host or house the Roundhill landfill lies within the Balfour Formation, consisting of a fining upward sequence of greenish-grey sandstones with bands of darker mudstones. The Oudeberg, Daggaboersnek, Barberskrans, Elandsberg, and Palingkloof Members are the five members that make up the Balfour Formation ([Table 1](#tbl1){ref-type="table"}). These members are distinguished based on the lithological variation, which is characterised by the alternating sequence of sandstones and mudstones.

The local geology of the Roundhill landfill site shows the predominance of the Daggaboersnek Member of the Balfour Formation in the Beaufort Group, comprising of a top layer of silty sandstone which is underlain by a clay layer ([@bib3]; [@bib11]). A layer of weathered basement (sandstone) is below the clayey layer and it sits atop fresh bedrock of dolerite. The sandstone formation having poorly sorted framework with low permeability hosts the aquiferous zone. The presence of geological structures controls the occurrence of groundwater and its vulnerability to contamination. The identification of lineament structures and fractured zones can be used to determine the direction of groundwater flow ([@bib14]; [@bib6]). The lineament map of the area showed SE- NW trending lineament, coinciding with the direction of groundwater flow about 200 m from the back of the landfill site ([Figure 3](#fig3){ref-type="fig"}). This indicates that the area around the landfill may have groundwater potential. This fact is corroborated by the dense vegetation, natural and artificial surface water sources found in the vicinity of the landfill. The average depth to the groundwater level as observed from the boreholes is about 50 m. The orientation of the lineament northwards in the direction of the Nahoon River located about 10 km away from the landfill poses a potential danger not only to the groundwater below but may serve as an excellent pathway for the drainage of possible leakages from the landfill.Figure 3Local geological settings at the Roundhill landfill site.Figure 3

3. Materials and methods {#sec3}
========================

Qualitative and quantitative methods were adopted in the assessment of groundwater vulnerability to contamination at the Roundhill landfill site. Quantitative method involves the measurement of the physico -- chemical properties and elemental composition of collected water samples from groundwater monitoring boreholes in the vicinity of the landfill ([Figure 4](#fig4){ref-type="fig"}). This is to give an insight into the source and nature of contaminants at the landfill. Water samples were taken from two of the boreholes (BH 1 and BH 2) within the landfill site. The average depth of the boreholes and depth to the top of the water column was 60 m and 15 m, respectively. Parameters of the water samples such as temperature, pH, EC, TDS, salinity, turbidity were then measured. The physico-chemical properties of water samples obtained from the two boreholes (BH 1 and BH 2) and the leachate pond (LP) were measured at 25 °C and a control value for non-contaminated water. The level of contamination was determined by juxtaposing the results obtained with threshold values which are usually World Health Organization (WHO) standards.Figure 4a. Leachate pond at the site, b. Surface composition of the landfill, c. Borehole (BH2) at the edge of the landfill, d. Dry borehole (BH3) at the back of the landfill.Figure 4

The collected water samples were then digested in the laboratory by adding 5 ml of concentrated Nitric acid (HNO~3~) to 100 ml of the well --mixed water sample ([@bib2]). The solution was evaporated to about 20 ml and another 5 ml conc. HNO~3~ was added and the mixture was heated until the digestion was complete. The heavy metal composition in the water samples were then analysed using the Atomic Absorption Spectroscopy (AAS) in which standard solutions of the metals to be identified were prepared and different concentrations were prepared form the solution for plotting the calibration for the AAS analysis ([@bib1]). The concentration of the heavy metals were then compared to the general standard limits ([@bib17]). Qualitatively, geophysical assessment of groundwater contamination was done using the combined electrical resistivity and Induced Polarization measurements in the active waste cell ([Figure 2](#fig2){ref-type="fig"}) (adjacent cells 1 and 2 which were already covered with linings and cap material) along 3 traverses (X, Y and Z) at 40 m inter-traverse spacing ([Figure 5](#fig5){ref-type="fig"}). Instrumentation was done using the ABEM SAS 1000 Terrameter, in which apparent resistivity and time domain induced polarization were measured simultaneously. The Dipole-dipole array at a = 10 m, N = 5 and traverse length of 140 m was adopted. Time domain induced polarization was measured at initial delay of 0.01 s, base IP interval of 100 ms, variable output current mode with an acquisition time of 0.5 s and increment of 1. The obtained data values were interpreted using the DIPROfWIN inversion software.Figure 5Geophysical data acquisition map of the Roundhill landfill.Figure 5

4. Results and discussion {#sec4}
=========================

4.1. Water physico-chemical analysis {#sec4.1}
------------------------------------

The obtained results were compared with World Health Organization (WHO) standards to determine the degree of contamination of the water samples. The summary of the results is presented in [Table 2](#tbl2){ref-type="table"}.Table 2Physico-chemical parameters of water samples collected from the Boreholes BH 1 and BH 2 and the leachate pond (LP).Table 2ParameterUnitControl (Dist. H~2~O)BH 2BH1LPWHO standardsAverageAverageAveragemVpH-50.1-17.0-36.15-59.5pHpH7.647.147.467.86.5--8.5Oxidation -- reduction potentialmVORP84.5105.3136.75-250.40---400Percentage Dissolved Oxygen%DO5.02.63.250.00Dissolved OxygenppmDO0.380.200.2350.00Electrical conductivityμS/cm08095284245500--000μS/cm^A^084005544425MΩ^-^cm00.00120.00190.0002Total dissolved solidsppmTds0406.5265.52126500SalinityPSU00.3950.2552.252--42σt00.000.000.0TurbidityTNU012.78.9542.65Temperature°C25.9926.4527.4027.2425Pressurepsi13.76513.76713.77013.76

4.2. Atomic absorption spectroscopy (AAS) {#sec4.2}
-----------------------------------------

The results of the heavy metal concentration in water samples obtained from the leachate pond (LP), and boreholes (BH 1) and (BH 2) is shown in [Table 3](#tbl3){ref-type="table"}. The results were compared to the general standard limits of concentration in water samples, according to the United States Environmental Protection Agency ([@bib17]).Table 3Heavy metal concentration in water samples from Boreholes BH 1 and BH 2 and the leachate pond (LP).Table 3MetalGeneral limits\
(μg/L)LP\
(μg/L)BH 1\
(μg/L)BH 2\
(μg/L)Cadmium53381518Mercury21376175Lead1516177111Iron300895208243Copper1,300391013Zinc5,000972237Arsenic10112817

4.3. Electrical resistivity imaging and induced polarization {#sec4.3}
------------------------------------------------------------

The pseudosections generated from the electrical resistivity and time -- domain induced polarization measurements using the double-dipole array across three traverse lines are shown in Figures [6](#fig6){ref-type="fig"}, [7](#fig7){ref-type="fig"}, and [8](#fig8){ref-type="fig"}.Figure 6a. Dipole-dipole resistivity pseudosection along line X, b. Induced polarization section along line X.Figure 6Figure 7a. Dipole-dipole resistivity pseudosection along line Y, b. Induced polarization section along line Y.Figure 7Figure 8a. Dipole-dipole resistivity pseudosection along line Z, b. Induced polarization section along line Z.Figure 8

The low salinity values of the water samples give an indication of their freshwater nature (low carbonates content). The positive values of the oxidation-reduction potential of water samples from BH 1 and BH 2 indicate an increase in their oxidizing properties thus making them unfit for human consumption ([Table 2](#tbl2){ref-type="table"}). The progressive increase in the total dissolved solid (TDS) values from BH 1 (265.5 ppm), located at the anterior end of the landfill to BH 2 (406.5 ppm) at the edge of the landfill, to the leachate pond (2126 ppm) located at the posterior end of the landfill is an indication of an increased percolation of the leachate with proximity to the landfill area and a migration of the contaminants, northwards in the direction of the groundwater flow. The high TDS values produce toxic effect on living organisms through high alkalinity and hardness thus causing living cells to shrink.

The elemental analysis of the water samples showed toxic concentrations of Cadmium (Cd), Mercury (Hg), Lead (Pb) and Arsenic (As) ([Table 3](#tbl3){ref-type="table"}). The concentrations are above the maximum contaminant level (MCL) ([@bib17]). The presence of these heavy elements suggest that toxic and hazardous wastes are being dumped on the landfill which is contrary to the designated landfill classification. The harmful effects of these heavy metals include environmental and health risks such as poisoning, cancer etc. Copper (Cu) and zinc (Zn) were within tolerable limits on the landfill, although fairly large concentrations have no known effect but can give a metallic or milky taste to the water samples.

Qualitative results of the geophysical assessment show a 4- layered earth system which is also corroborate by the geology with an average depth to the bedrock of about 20 m. Contaminant leachate plume were observed on Line X, revealing contamination to a depth of about 10 m through the top layers ([Figure 6](#fig6){ref-type="fig"}). A fractured bedrock which could serves as excellent pathways for the migration of contaminants into the groundwater below was also observed on line X ([Figure 6](#fig6){ref-type="fig"}). Chargeability values ranges from very low at the top surface (1.25 ms) to high values (1286 ms) at the bedrock across the pseudosections ([Figure 7](#fig7){ref-type="fig"}). Generally, across the sections, areas with low time domain chargeability values correspond to low resistivity on the sections (\<112 Ω-m; Figures [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}). This is interpreted to be percolating leachate plume in the unsaturated zone. The effectiveness of reducing ambiguities in interpretation through the combined electrical resistivity and induced polarization method was demonstrated on line Z ([Figure 8](#fig8){ref-type="fig"}), where anomalies on the IP sections (between 60 -100 m) were not detected on the resistivity pseudosections. This suggests the dense non aqueous nature of the contaminants on the IP section and low clay content in the top layer. The fractured plane of the bedrock is more obvious on line Z ([Figure 8](#fig8){ref-type="fig"}). The weathered to fresh basement zones were characterized by high resistivity and chargeability zones across the sections. This suggests that the basement layers lithology pose low risk to groundwater contamination.

5. Conclusions {#sec5}
==============

The characterization of groundwater resources using an integrated geological and geophysical method was carried out to determine the extent of pollution and migration of pollutants due to a landfill in Berlin, near East London South Africa so as to proffer remediation methods for groundwater contamination and establish database for geological and geophysical environmental impact assessment. The results of the physico-chemical and elemental analysis show contamination of groundwater samples and migration of contaminants, northwards, in the direction of the groundwater flow. Heavy metal in water samples occurred in concentrations above the general acceptable limits. The possible source of these heavy metals are from toxic and hazardous waste being dumped on the landfill, contrary to the landfill design and classification, hence there should be proper waste classification and inspection of waste disposed at the landfill. The geophysical assessment indicates contamination by leachate to a depth of about 10 m across three profiles and a depth to the bedrock of about 20 m. Anomalous zones of low resistivity correspond to low chargeability values, indicating percolating leachate plume in the unsaturated zone. A general observation across the pseudosections revealed that while the layer lithologies and stratigraphy poses low risk to groundwater contamination, the presence of structural controls such as fractures in the bedrock may be favourably disposed to the percolation of contaminants into the groundwater below over time.
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